Macrophages and protozoa ingest bacteria by phagocytosis and destroy these microbes using a conserved pathway that mediates fusion of the phagosome with lysosomes. To survive within phagocytic host cells, bacterial pathogens have evolved a variety of strategies to avoid fusion with lysosomes. A virulence strategy used by the intracellular pathogen Legionella pneumophila is to manipulate host cellular processes using bacterial proteins that are delivered into the cytosolic compartment of the host cell by a specialized secretion system called Dot/Icm. The proteins delivered by the Dot/Icm system target host factors that play evolutionarily conserved roles in controlling membrane transport in eukaryotic cells, which enables L. pneumophila to create an endoplasmic reticulumlike vacuole that supports intracellular replication in both protozoan and mammalian host cells. This review focuses on intracellular trafficking of L. pneumophila and describes how bacterial proteins contribute to modulation of host processes required for survival within host cells. 
INTRODUCTION
In 1976, the gram-negative bacterium Legionella pneumophila was identified as an opportunistic human pathogen responsible for an outbreak of pneumonia that was called Legionnaires' disease (Fraser et al. 1977) . Legionella species normally infect unicellular protozoan hosts (Rowbotham 1980) and are found ubiquitously in aquatic environments within these hosts (Fliermans et al. 1981) . Although more than 48 Legionella species are found in nature (Cordevant et al. 2003) , more than 90% of clinical cases are caused by L. pneumophila serogroup 1 (Yu et al. 2002) . Disease is associated with intracellular replication of Legionella within human monocytes and alveolar macrophages (Horwitz & Silverstein 1980 , Nash et al. 1984 and is characterized by acute lung injury. Legionella-induced pneumonia was found to be associated with inhalation of L. pneumophila from amoeba-contaminated water sources; person-to-person transfer was not observed (Muder et al. 1986 ). The ability of L. pneumophila to replicate in evolutionarily diverse phagocytes ranging from unicellular protists to mammalian macrophages is indicative of this organism's capacity to target conserved host pathways and makes it an ideal model organism to study how bacterial pathogens control their intracellular fate.
To survive host-mediated degradation upon phagocytosis and to create a niche in which to multiply, L. pneumophila prevents the vacuole in which it resides from fusing with host endosomes/lysosomes and later modifies this Legionella pneumophila (red ) modulates its intracellular trafficking and creates an intracellular compartment similar to the endoplasmic reticulum (ER) in which to replicate. (a) Uptake of L. pneumophila by the eukaryotic host cell. (b) The default endocytic maturation pathway is blocked by wild-type L. pneumophila (as indicated by the red inhibition line and arrows). (c) Instead, the L. pneumophilacontaining vacuole (LCV) co-opts host factors Sar1, Sec22b, and Rab1 to facilitate recruitment and fusion of ER-derived vesicles with the LCV. (d ) The second phase of vacuole remodeling involves ARF1 and results in fusion of the LCV with ER membranes and delivery of lumenal ER proteins into the lumen of the LCV. Ubiquitinated (Ub) proteins localize to the LCV as early as 1 h after uptake. (e) The bacteria replicate within the rough ER-like vacuole and then ( f ) are released, which allows further infection cycles.
compartment into an organelle resembling the endoplasmic reticulum (ER). After bacterial replication, L. pneumophila disrupts the vacuole membrane and ruptures the host cell, which releases the bacterium into the extracellular environment where neighboring host cells can internalize it for additional rounds of infection (Figure 1) . Early morphological observations of infected cells elucidated this survival strategy, which was later expanded upon using avirulent L. pneumophila mutants. The use of cell biological techniques helped define the host pathways manipulated by L. pneumophila and has allowed for more recent mechanistic studies defining the intracellular trafficking and survival strategies used by this pathogen, which is the main focus of this review.
readily observed with formalin-killed L. pneumophila (Horwitz 1983b) . Moreover, in contrast to Escherichia coli that traffic to lysosomes and are contained within vacuoles with a pH less than 5, live L. pneumophila maintains residence and replicates in vacuoles with a pH of ∼6.1 (Horwitz & Maxfield 1984) . These results demonstrated that L. pneumophila has the ability to prevent fusion of lysosomes with the Legionella-containing vacuole (LCV).
One of the first striking observations regarding the LCV was the presence of host cell ribosomes on the surface of the vacuole membrane (Glavin et al. 1979 , Horwitz & Silverstein 1980 . A series of electron micrographs taken over an 8-h L. pneumophila infection further revealed a sequence of timed cytoplasmic events that suggested modifications to the LCV occur before bacteria initiate replication (Horwitz 1983a) . After uptake by a phagocytic host cell, L. pneumophila resides inside a vacuole that is derived from the host cell plasma membrane (PM). Within 15 min of uptake, smooth vesicles appear to surround and fuse with vacuoles containing L. pneumophila, and mitochondria are found close to the vacuolar membrane. After 4 h, the presence of associated vesicles and mitochondria declines, and ribosomes are observed around the vacuole but separated from the phagosomal membrane by ∼100Å. Studies examining the localization of the luminal ER protein BiP confirmed that the vacuole supporting L. pneumophila replication was associated with the host ER (Swanson & Isberg 1995) . BiP was shown to localize to vacuoles containing wildtype L. pneumophila, whereas a mutant strain of L. pneumophila that fails to avoid endocytic maturation did not show vacuolar BiP localization. Ultrastructural data obtained from examining L. pneumophila infections in Hartmannella vermiformis confirmed that intracellular infection in protozoa resembles the series of events observed in macrophages (Abu Kwaik 1996) .
Additional features of LCV maturation were revealed by electron microscopy using staining and fixation techniques that preserved the integrity of membrane vesicles and the host cytoskeleton (Tilney et al. 2001) . Thin hair-like physical connections were observed between the vacuole in which L. pneumophila resides and host vesicles, which were described as ERderived vesicles because of the occasional presence of ribosomes. These attached vesicles were observed to flatten along the surface of the LCV within 15 min. The disappearance of the attached ER-derived vesicles and mitochondria was associated with the increased appearance of ribosomes on the LCV. Finally, bacterial replication was observed after the formation of this rough ER-like compartment (Tilney et al. 2001) . Thus, these early morphological studies provided evidence that L. pneumophila avoids the endocytic maturation pathway and sequentially modifies its vacuole to resemble the ER using vesicles that appear to attach to and fuse with the LCV.
THE LEGIONELLA DOT/ICM SYSTEM AS AN ESSENTIAL VIRULENCE DETERMINANT
The ability of L. pneumophila to control its intracellular fate prompted a search for virulence determinants involved in this process. L. pneumophila mutants unable to cause disease (avirulent) in guinea pigs were originally obtained by repeated passage on suboptimal supplemented Mueller-Hinton agar (McDade & Shepard 1979) . This method was also used to isolate mutants unable to replicate inside macrophages, which provided the first genetic evidence that the ability to replicate intracellularly is important for Legionella pathogenesis.
A region of the L. pneumophila genome, termed icm (intracellular multiplication), was identified based on the ability of this region to restore normal trafficking and replication in the avirulent strain 25D (Horwitz 1987 , Marra et al. 1992 . Additionally, genetic screens aimed at isolating L. pneumophila mutants that were defective for inhibition of phagosome/lysosome fusion and association of host cell organelles led to the identification of a second genetic locus that was termed dot (defect in organelle trafficking) (Berger & Isberg 1993) . Twentyfour genes clustered on two regions of the chromosome were given dot and/or icm designations based on the genetic screens in which they were identified. Genomic hybridization of many Legionella strains to DNA arrays indicated that most Legionella strains have conserved dot/icm genes .
Computational analysis of the proteins predicted to be encoded by the dot and icm genes revealed these products would likely assemble into a multiprotein apparatus that would function as a type IV secretion system (T4SS) (Segal & Shuman 1999 , Segal et al. 1998 , Vogel et al. 1998 . T4SSs are broadly defined as macromolecular transport systems whose components are ancestrally related to the tra/trb-encoded conjugation machinery required for transfer of plasmids between bacteria (Christie & Vogel 2000) . The L. pneumophila Dot/Icm system was demonstrated to mediate plasmid DNA transfer between two L. pneumophila strains (Segal et al. 1998 , Vogel et al. 1998 and to E. coli (Vogel et al. 1998) , which indicates that the Dot/Icm system retains an ancestral function and mediates transfer of macromolecules between cells.
T4SSs are often found in bacteria that interact with eukaryotic hosts. Many of these systems are now recognized as transport machines that have a dedicated role in the transport of virulence proteins, known as effectors, across the outer membrane of the bacterial cell and usually directly into eukaryotic host cells (Alvarez-Martinez & Christie 2009 , Backert & Meyer 2006 . Because mutations disabling the Dot/Icm system resulted in bacteria unable to replicate intracellularly and avoid fusion with lysosomes, this system was proposed to play a critical role in infection by translocating effectors that alter the dynamics of membrane transport in the host cell.
DEFINING LEGIONELLA-CONTAINING VACUOLE MATURATION USING dot AND icm MUTANTS
Mutations that disable the Dot/Icm system were important for determining the contribution of this apparatus to the intracellular transport and replication of L. pneumophila. Loss-of-function mutations that disable the Dot/Icm system result in L. pneumophila that resides in vacuoles that fuse with lysosomes and is unable to replicate in eukaryotic cells (Berger et al. 1994 , Swanson & Isberg 1996 , Wiater et al. 1998 . Strains that have a chromosomal deletion removing the dotA gene have been used extensively to analyze the contribution of the Dot/Icm system to the intracellular transport of L. pneumophila. Several minutes after uptake, vacuoles containing L. pneumophila dotA mutants acquire LAMP1, a protein that resides in late endosomes and lysosomes (Roy et al. 1998) .
The importance of the Dot/Icm system in establishing an intracellular niche was further illustrated by functional complementation of Dot/Icm mutant strains by another wild-type strain present in the same intracellular vacuole (Coers et al. 1999) . Some of the icm mutant strains provided interesting phenotypes suggesting that evasion of lysosome fusion and recruitment of host vesicles are distinct processes governed by the Dot/Icm system. For instance, an icmR mutant was found to partially retain the ability to delay phagosome-lysosome fusion but was unable to efficiently recruit host vesicles to the LCV membrane. In contrast, icmS and icmW mutants displayed vacuoles that had attached host vesicles but still fused rapidly with lysosomes (Coers et al. 2000) . These results supported a role for proteins translocated into host cells by the Dot/Icm system early in the infection process to prevent endocytic maturation and promote vacuole modification.
IDENTIFICATION OF TYPE IV EFFECTORS TRANSLOCATED INTO HOST CELLS BY THE L. PNEUMOPHILA DOT/ICM SYSTEM
To understand at a molecular level how the Dot/Icm system controls maturation of the LCV, researchers focused on identification of effector proteins delivered into host cells by this apparatus. More than 300 effectors have been identified thus far using methods such as bioinformatics searches for genes encoding eukaryotic-like domains (Bruggemann et al. 2006a , Cazalet et al. 2004 , Chien et al. 2004 , de Felipe et al. 2005 , Habyarimana et al. 2008 , Kubori et al. 2008 , Nagai et al. 2002 , Pan et al. 2008 , altered growth viability (Conover et al. 2003 , Laguna et al. 2006 , interaction with Dot/Icm components (Bardill et al. 2005 , Ninio et al. 2005 , presence of coregulatory elements (Altman & Segal 2008; Zusman et al. 2007 Zusman et al. , 2008 , genetic screens for recruitment of host factors (Murata et al. 2006) , genetic assays in yeast (Campodonico et al. 2005 , de Felipe et al. 2008 , Heidtman et al. 2009 , Shohdy et al. 2005 , the presence of a C-terminal secretion signal (Kubori et al. 2008 , and a machine-learning approach that identified effectors based on a defined set of distinctive features shared by effectors (Burstein et al. 2009 ). Supplemental Table 1 (follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org) summarizes translocated substrates that were found from in silico screens to contain eukaryotic-like or protein-protein interaction domains. Translocation of at least 140 of these proteins has been validated using antibodies specific to effector substrates (Luo & Isberg 2004 , Nagai et al. 2002 or by assays that assess the presence of the effectors within host cells (de Felipe et al. 2008 , Luo & Isberg 2004 , VanRheenen et al. 2004 ). Although it is not yet fully understood why L. pneumophila has so many effectors, the quantity may reflect evolution in a wide array of protozoan hosts.
A key technique for probing the role of bacterial virulence factors has been the analysis of phenotypes resulting from deletion of the related gene. However, only a few L. pneumophila effector deletions result in mutants with profound defects in formation of the LCV or intracellular growth (Al-Khodor et al. 2008 , Bardill et al. 2005 , Habyarimana et al. 2008 , Liu & Luo 2007 
L. PNEUMOPHILA UPTAKE INTO HOST CELLS
Several pathways have been described that enable eukaryotic cells to internalize extracellular material into membrane-bound compartments by either endocytosis or phagocytosis (Conner & Schmid 2003) . Although several intracellular pathogens have evolved sophisticated mechanisms to activate these cellular pathways to promote their uptake into host cells that are normally nonphagocytic, the process of Legionella uptake occurs primarily by host-mediated phagocytosis. Because Legionella species grow naturally in association with protozoa that have numerous mechanisms to identify and internalize bacteria, the selective pressure for Legionella to evolve novel strategies to promote internalization into host cells has been minimal. Initial studies examining L. pneumophila internalization described a unique uptake process called coiling phagocytosis that is characterized by extended pseudopodial structures encircling extracellular bacteria prior to entry (Horwitz 1984) . This phenomenon was observed for both live and formalin-killed L. pneumophila as well as for avirulent mutants of L. pneumophila, which indicates that the uptake process was not a determining factor in subsequent trafficking of the bacteria. Not all Legionella species are associated with this mechanism (Rechnitzer & Blom 1989) , which suggests coiling phagocytosis may not represent a critical uptake pathway for successful infection.
Several ligands have been implicated in binding of Legionella species to phagocytic cells. Opsonization of L. pneumophila with complement or specific antibodies enhances adherence and uptake into phagocytic cells by the host receptors for these ligands (Payne & Horwitz 1987 ). In the protozoan host H. vermiformis, a Gal/GalNAc lectin has been a Genes listed are from L. pneumophila strain Philadelphia 1.
Abbreviations: GDI, GDP-dissociation inhibitor; PI3P, phosphatidylinositol 3-phosphate; PI4P, phosphatidylinositol 4-phosphate; GEF, guanine nucleotide exchange factor; ARF1, ADP-ribosylation factor 1; LCV, Legionella-containing vacuole; SCF, Skp1-Cul1-F-box protein; ER, endoplasmic reticulum; GAP, GTPase-activating protein.
identified as a potential receptor for attachment by L. pneumophila (Venkataraman et al. 1997) .
Because receptors are not conserved between these evolutionarily distinct host cells, L. pneumophila likely is able to disrupt endocytic transport of the vacuole in which it resides regardless of the receptor that directs uptake. L. pneumophila proteins may be involved in initial interactions with host cells. For instance, mutations in the L. pneumophila protein LadC caused a defect in host cell adherence (Newton et al. 2008 ). This protein localizes to the bacterial inner membrane, and its role in adherence is as yet unknown. However, LadC-defective strains were taken up at normal rates and avoided lysosomal trafficking. Although L. pneumophila does not stimulate uptake into nonphagocytic cells efficiently, it has been found that the Dot/Icm system enhances the efficiency of L. pneumophila www.annualreviews.org • Intracellular Transport of Legionellauptake into phagocytic host cells (Hilbi et al. 2001 , Khelef et al. 2001 . The phosphatidylinositol 3-kinase (PI3K) inhibitor Wortmannin was shown to inhibit phagocytosis of L. pneumophila mutants with a nonfunctional Dot/Icm system but had no effect on uptake of wildtype bacteria, which suggests that effectors translocated by the Dot/Icm system could bypass the requirement for host PI3K activity during infection (Khelef et al. 2001) . A role for translocated Dot/Icm effectors during uptake is supported by reduced internalization by macrophage-like HL-60 cells of nonfunctional Dot/Icm mutants compared with the wild type (Hilbi et al. 2001) .
Because uptake is a highly regulated process and requires several signaling cascades in host cells, there are many potential targets for manipulation by effector proteins. Only a few described effectors have been suggested to function during uptake. For example, LaiA/SdeA may play a role in adherence and uptake (Bardill et al. 2005 , Chang et al. 2005 . L. pneumophila laiA/sdeA mutants have defects in adhesion and invasion in epithelial cells as well as reduced mortality in permissive A/J mice (Chang et al. 2005) . Because the biochemical function of LaiA/SdeA remains unknown, the mechanism by which this protein may influence adherence and uptake remains to be determined.
L. PNEUMOPHILA EVASION OF THE HOST ENDOCYTIC MATURATION PATHWAY
The canonical endocytic pathway is composed of vesicular compartments that function in the transport of cargo between early endosomes, late endosomes, and lysosomes by a process that requires fission and fusion of these organelles. Endocytic transport involves numerous host proteins required for vesicle maturation including motor proteins that direct transport events (Flannagan et al. 2009 , Loubery et al. 2008 . Phagosome maturation involves sequential interactions with organelles that comprise the endocytic pathway. As previously stated, wild-type L. pneumophila avoids transport to lysosomes by a process regulated by the Dot/Icm system. Further analysis of the mechanism of endosomal evasion showed that the early endosomal GTPase Rab5 does not localize to vacuoles formed by wild-type L. pneumophila but is transiently observed on vacuoles containing avirulent L. pneumophila (Clemens et al. 2000) . Similarly, the majority of vacuoles containing wild-type L. pneumophila are negative for the late endosomal GTPase Rab7 and LAMP1, whereas dotA mutant bacteria reside in vacuoles that acquire these host proteins within minutes of uptake (Roy et al. 1998 ). Thus, the Dot/Icm system appears to redirect vacuoles containing L. pneumophila away from the canonical endocytic pathway at an extremely early stage. In addition to effector-mediated inhibition, it has been shown that lipopolysaccharide (LPS) molecules on the surface of L. pneumophila delay fusion of late endosomal vacuoles with lysosomes, further enhancing the capacity of L. pneumophila to avoid fusion with lysosomes (Fernandez-Moreira et al. 2006) .
Several effector proteins have activities that could facilitate the avoidance of endocytic maturation by vacuoles containing L. pneumophila. AnkX (also called LegA8 and AnkN) was shown to be involved in modulating the transport of both endocytic vesicles and secretory vesicles when expressed ectopically in eukaryotic host cells (Pan et al. 2008) . L. pneumophila mutants deficient in AnkX reside in vacuoles that exhibit enhanced interactions with endocytic organelles. The AnkX protein is predicted to contain four ankyrin repeat homology domains (ARHD) that are found in numerous eukaryotic proteins but are not common in prokaryotic proteins. The ARHD defines a protein fold that assembles a protein-protein interaction scaffold, which suggests that AnkX may target host proteins through ARHD-dependent interactions (Pan et al. 2008) . AnkX also contains a Fic (filamentation induced by c-AMP) domain that is necessary for disruption of host vesicular transport (Pan et al. 2008 , Roy & Mukherjee 2009 . Recently, bacterial effectors with Fic domains were found to have an enzymatic activity that enables them to use ATP as a substrate in a reaction that leads to the attachment of AMP to tyrosine and threonine residues on host proteins in a process termed AMPylation (Worby et al. 2009 , Yarbrough et al. 2009 ). The defect in AnkX-mediated transport of both endosomes and secretory vesicles occurs at a very early stage in each pathway, before microtubuledependent transport events are observed. This suggests AnkX could be involved in AMPylation of a host protein(s) involved in directing vesicular transport in both pathways, but a host target has not been identified.
Because effector mutants rarely display reduced rates of intracellular replication during L. pneumophila infections, several studies have utilized yeast to identify effectors that when ectopically expressed cause membrane trafficking defects or growth defects (Campodonico et al. 2005 , de Felipe et al. 2008 , Heidtman et al. 2009 , Shohdy et al. 2005 . These screens identified 79 effectors that interfere with yeast endosomal trafficking and represent a pool of effectors that may function in vesicular trafficking. One such effector, LegC3, has been implicated in disruption of endocytic transport of LCVs (de Felipe et al. 2008 ). In mammalian cell lines, green fluorescent protein (GFP)-tagged LegC3 does not colocalize with LAMP1-positive compartments. However, when GFP-LegC3 was expressed in Dictyostelium discoideum cells, it localized to endocytic vesicles containing partially digested contents, and there was evidence that phagosome-lysosome fusion was arrested. Another exciting effector candidate that is likely to interfere with vesicular trafficking is SetA (Heidtman et al. 2009 ). When expressed in yeast, this protein causes both a severe growth defect and impaired trafficking from the ER, and this activity requires the presence of a functional glycosyltransferase domain found in SetA. In support of a potential role for SetA in avoidance of the endocytic network, when expressed in mammalian cells this protein partially localizes with Rab7-and LAMP1-positive compartments.
L. pneumophila mutants with deletions in the genes lidA, lidB, enhC, or lidL reside in vacuoles that fuse more readily with LAMP1-positive endosomes, which suggests that these proteins may also act in endocytic avoidance (Conover et al. 2003) . Two of these effector proteins, EnhC and LidL, possess Sel1 repeats from the tetratricopeptide repeat protein family, which suggests that this region may contribute to the activity of these proteins. Another L. pneumophila Sel1 repeat-containing protein, LpnE, has also been attributed roles in both entry and lysosomal avoidance . LpnE secretion by L. pneumophila does not appear to involve the Dot/Icm secretion system ), but the trafficking pathway directed by the Dot/Icm system is important for localization of LpnE to the LCV (Weber et al. 2009b) .
Although several effectors involved in lysosomal avoidance have been identified, the host proteins manipulated by these effectors are yet to be determined. Host proteins known as SNAREs (soluble NSF attachment protein receptors) mediate membrane fusion events. During membrane fusion, a four-helix bundle forms from v-SNAREs, present on vesicles, and t-SNAREs, present on target organelles. Assembly of this complex brings membranes together and drives bilayer fusion (Schuette et al. 2004 , Weber et al. 1998 . Canonical endocytic fusion events are mediated by the v-SNARE VAMP8 and the endocytic t-SNARE that is composed of Syntaxin 7, Syntaxin 8, and Vti1b (Mullock et al. 2000 , Nakamura et al. 2000 . Paumet et al. (2009) report that the IcmG/DotF protein contains a SNARE motif with limited inhibitory effect on in vitro endocytic SNARE-mediated membrane fusion assays (Paumet et al. 2009 ). Translocation of this protein into host cells has not been demonstrated, but IcmG/DotF is known as an important component of the T4-core transmembrane complex required for effector translocation (Vincent et al. 2006) . This finding raises the intriguing possibility that components of the T4SS apparatus may also gain access to the host cytosol and modulate transport of the LCV.
LEGIONELLA-CONTAINING VACUOLE RECRUITMENT OF ENDOPLASMIC RETICULUM-DERIVED VESICLES
Although evasion of endocytic maturation is important for L. pneumophila intracellular survival, creation of an organelle that permits bacterial replication requires remodeling of the LCV by the host secretory pathway. The process by which the LCV is converted into a replication-permissive organelle is biphasic and takes hours to complete . Initially, host vesicles that traffic from ER exit sites (ERES) are found in association with the LCV. Interaction of ER-derived vesicles with the LCV can be observed by fluorescence microscopy using host cells expressing a hybrid yellow fluorescent protein (YFP)-KDEL protein that consists of YFP with a signal sequence for delivery into the ER lumen and a KDEL motif that mediates protein retrieval from the Golgi complex to the ER by the Golgi complexlocalized KDEL receptor (Munro & Pelham 1987) . Whereas localization of YFP-KDEL to the LCV can be observed within 30 min of infection, localization of the resident ER protein calnexin, which does not cycle between the ER and Golgi complex, is not evident in cells until later, with optimal association observed at 4 h postinfection. Biphasic maturation of the vacuole is supported by electron micrograph images that show the kinetics of acquisition of the resident ER protein glucose-6-phosphatase (G6Pase) at various time points after infection (Robinson & Roy 2006) . At 1 h postinfection, G6Pase is localized inside host ER vesicles associated with the LCV membrane but does not appear in appreciable amounts in the LCV lumen. At 3 h postinfection, luminal G6Pase staining of the LCV is evident. The presence of both calnexin and G6Pase at later time points after infection is consistent with fusion of the LCV with ER membranes. Taken together, these data suggest that the LCV first interacts and fuses with vesicles created at ERESs, and vacuole remodeling by these early ER-derived vesicles promotes subsequent LCV fusion with ER membranes, which results in delivery of ER contents to the lumen of the LCV.
A regulated internal system of membranebound organelles is vital to eukaryotic cell function. Necessary operations include nutrient uptake, lipid and membrane protein synthesis, and degradation of molecules. These specialized functions are carried out in appropriate membrane-bound organelles, such as the Golgi complex or the ER, that possess a characteristic lipid and protein composition. These compartments are highly dynamic and interact with other organelles via trafficking pathways while remaining distinct entities within cells. Transport vesicles that bud from a donor compartment and then target to and fuse with an acceptor compartment mediate membrane trafficking in eukaryotic cells (Behnia & Munro 2005) . Small GTPases belonging to the ARF and Rab families are important molecules that regulate host vesicular and membrane transport processes. These proteins act as molecular switches that are inactive in their cytosolic GDP-bound form but when bound to GTP associate with membranes and bind to proteins that modulate membrane structure and function. Consistent with L. pneumophila subversion of the host early secretory pathway, the eukaryotic GTPases Sar1, ARF1, and Rab1 have been shown to play distinct roles in LCV maturation.
The GTPase Sar1 regulates the biogenesis of coat protein II (COPII)-coated vesicles that bud from ERES and promotes the transport of cargo from the ER to the Golgi complex (Sato & Nakano 2007) . A role for the host GTPase Sar1 in the formation of a vacuole that supports Legionella replication has been shown both by small interfering RNA (siRNA) knockdown (Dorer et al. 2006) and by expression of a dominant interfering Sar1 variant ). Both studies found that interfering with Sar1 function interfered with intracellular replication of L. pneumophila. The requirement for successful budding and docking of ER-derived vesicles for maturation of the LCV was supported by electron micrograph images taken in cells overexpressing Sar1H79G (Robinson & Roy 2006) . Cells producing the GTP-restricted Sar1H79G retain ERES function but are inhibited in the release of COPII from vesicles that have budded from the ER. This leads to a defect in transport and fusion of ER-derived vesicles with acceptor membranes (Aridor et al. 1995) . Vacuoles formed by L. pneumophila in cells expressing Sar1H79G did not have ER-derived vesicles associated with the vacuole membrane. Thus, the ERderived vesicles that initially interact with the LCV are generated from ERES by a Sar1-dependent process.
Another important host molecule for recruitment of ER-derived vesicles to the LCV membrane is the GTPase Rab1 (Kagan et al. 2004 ). Members of the Rab GTPase family regulate membrane transport processes throughout the cell (Chavrier & Goud 1999) , and mammals have more than 60 different Rab proteins (Schultz et al. 2000) . Rab1 is recruited to the LCV membrane by a Dot/Icm-dependent process and participates in the recruitment of ER-derived vesicles to the LCV (Derre & Isberg 2004 , Kagan et al. 2004 ). Rab1 associates with both ER-derived vesicles (Allan et al. 2000) and Golgi membranes (Moyer et al. 2001) to recruit host-tethering factors involved in facilitating membrane fusion events. Although Rab1 is easily detected on the LCV membrane, host-tethering factors that associate with Rab1, such as p115 and GM130, have not been observed on the LCV during infection (Derre & Isberg 2004) . Rab1 might facilitate recruitment of ER-derived vesicles by enhancing the activity of tethers produced by L. pneumophila. In support of this hypothesis, the L. pneumophila effector protein LidA was shown to have Rab1-binding activity and facilitate the tethering of ER-derived vesicles (Machner & Isberg 2006) .
Several levels of regulation tightly control activation of host Rab proteins (Pfeffer 2001) . GDP-bound Rabs exist in the cytosol bound to proteins called GDP-dissociation inhibitors (GDIs). Rab recruitment and activation on a target organelle or vesicle require exchange of GDP for GTP by a specific guanine nucleotide exchange factor (GEF). To facilitate interactions with membranes, Rab proteins are lipidated by an irreversible geranylgeranyl modification at residues located near the carboxyl terminus of the protein (Garrett et al. 1994 ). Activated Rab proteins on a target membrane facilitate membrane transport and fusion events by recruiting cellular factors through interactions mediated by the switch regions exposed upon GTP binding (Grosshans et al. 2006 ). Rab inactivation is facilitated by GTPase-activating proteins (GAPs) that accelerate hydrolysis of GTP to GDP (Bernards 2003) , and GDI extracts GDP-bound Rabs from the membrane and recycles them.
As Rab function is tightly regulated, determining the molecular mechanism by which L. pneumophila promotes the recruitment of Rab1 to the LCV membrane during infection was of interest. The effector protein DrrA is necessary for Rab1 recruitment and binds specifically to GDP-bound Rab1 (Machner & Isberg 2006 , Murata et al. 2006 . Biochemical characterization of DrrA determined that this protein functions as a potent and specific Rab1 GEF (Machner & Isberg 2006 , Murata et al. 2006 . In vitro, purified DrrA has the ability to activate Rab1 bound to GDI, which indicates that DrrA can function both as a Rab1 GEF and as a GDI-displacement factor (GDF) (Ingmundson et al. 2007 , Machner & Isberg 2007 . A central region of DrrA can mediate both GEF and GDF activities, which suggests these two activities are linked (Schoebel et al. 2009 , Suh et al. 2009 ). Whether this central domain in DrrA is sufficient to mediate Rab1 recruitment to membranes remains to be determined.
A second L. pneumophila effector protein called LepB was also found to regulate the activation state of Rab1 (Ingmundson et al. 2007) . Unlike DrrA, which binds preferentially to inactive forms of Rab1, the LepB protein bound preferentially to active Rab1 in a GTP-bound conformation. In vitro assays showed that LepB promotes GTP hydrolysis by Rab1, which indicates that LepB is a Rab1 GAP. L. pneumophila encodes a complete set of bacterial effectors that regulate both aspects of Rab1 
FUSION OF ENDOPLASMIC RETICULUM-DERIVED VESICLES WITH THE

LEGIONELLA-CONTAINING VACUOLE
SNARE proteins assemble downstream of tethers and Rab1 to drive fusion of ER-derived vesicles with Golgi membranes. In many respects the LCV and Golgi membranes have similar affinities for ER-derived vesicles. However, the localization of SNAREs suggests ER-derived vesicles fuse with the LCV by a mechanism that is distinct from fusion of ER-derived vesicles with the Golgi complex. In mammalian cells, the SNARE Sec22b found on ER-derived vesicles partners with a SNARE complex on the Golgi complex consisting of rBet1, Membrin, and Syntaxin 5 (Xu et al. 2000) . Sec22b is found on the ER-derived vesicles that associate with the LCV. However, the Golgi SNARE complex consisting of rBet1, Membrin, and Syntaxin 5 is not found on the LCV (Derre & Isberg 2004 , Kagan et al. 2004 . Recent findings show that PM syntaxins are incorporated into the LCV during uptake and that these SNAREs can form a complex with Sec22b displayed on ERderived vesicles recruited to the LCV (Arasaki & Roy 2010) . This suggests that one mechanism used by L. pneumophila to promote fusion of ER-derived vesicles with the LCV involves novel pairing of host SNAREs.
It remains possible that some of the L. pneumophila effectors function as SNARE mimics. The effectors YlfA/LegC7 and YlfB/LegC2 have a domain organization similar to Chlamydia effectors that belong to the IncA family of proteins. IncA functions as a SNARElike molecule that mediates homotypic fusion of vesicles that display this protein (Delevoye et al. 2004 (Delevoye et al. , 2008 Paumet et al. 2009 ). Both YlfA and YflB have membrane localization regions and predicted coiled coils that mediate homotypic Ylf interactions and heterotypic YlfA-YlfB interactions (E. Campodonico, unpublished data). Ectopically produced GFPYlfA associates with ER membranes (de Felipe et al. 2008) and may target to vesicles of the early secretory pathway after translocation into host cells (Campodonico et al. 2005) . Determination of whether these proteins participate directly in the fusion of the LCV with host vesicles awaits further biochemical analysis.
LEGIONELLA-CONTAINING VACUOLE INTERACTIONS WITH THE ENDOPLASMIC RETICULUM
Subsequent to fusion with ER-derived vesicles, the LCV demonstrates interactions with the rough ER and acquires resident ER proteins. The host GTPase ARF1 is involved in this second phase of LCV maturation. ARF proteins are important regulators of secretory traffic between the ER and Golgi complex. The cellular roles of ARF are complex. Although ARF proteins play an important role in vesicular transport processes through their ability to direct the assembly of coat proteins at sites of carrier vesicle formation, ARF activity is also critical for regulating several other host proteins that are involved in the organization and transport of membrane vesicles (Donaldson & Jackson 2000) . Interference with ARF1 function by siRNA knockdown (Dorer et al. 2006 ), inhibitory drugs, or expression of dominant interfering forms of the ARF1 protein ) has been shown to inhibit the intracellular replication of L. pneumophila. Localization of ARF1 to the LCV early after infection suggests that L. pneumophila could directly subvert the GTPase activity of this host protein during vacuole biogenesis .
ARF is activated by a large, structurally diverse family of GEFs that share a conserved region of ∼200 amino acids known as the Sec7 domain. This Sec7 domain is necessary and sufficient for exchange of GDP for GTP on ARF proteins, which leads to the presence of active ARF on membranes ( Jackson & Casanova 2000) . The inhibitor Brefeldin A (BFA) traps the exchange reaction mediated by a subclass of Sec7-containing GEFs in an inactive complex (Mansour et al. 1999 , Peyroche et al. 1999 ). The L. pneumophila effector protein RalF was first identified and implicated as a possible regulator of ARF based on the presence of an aminoterminal Sec7 domain (Nagai et al. 2002) . Consistent with this bacterial Sec7 domain having activity, the RalF protein was shown to have ARF GEF function in vitro. Mutations that affect RalF GEF activity in vitro also resulted in a defect in the ability of RalF to recruit ARF to the LCV, which indicates that GEF activity in vivo is needed for ARF recruitment . Although RalF is capable of activating host ARF proteins and ARF activity is important for creation of a vacuole that supports L. pneumophila replication, mutants deficient in RalF activity are still competent for intracellular replication (Nagai et al. 2002) . These data suggest that in the absence of RalF, a host Sec7 domain-containing protein mediates activation of ARF.
The crystal structure of RalF has provided further insight into its function . This protein has a two-domain structure in which the C-terminal region forms a capping domain that occludes ARF access to the amino-terminal Sec7 domain. This suggests that the two regions of RalF must separate before ARF can bind to the RalF active site. How this conformational change is mediated is unknown, but interactions between the RalF protein and membrane vesicles could be important for regulating the activity of this protein.
Electron microscopy studies have provided clues to a possible role for ARF during LCV maturation (Robinson & Roy 2006) . These data indicate that the attachment of ER-derived vesicles and ER membranes to the LCV occurs independent of ARF function; however, fusion of these vesicles was impaired and delivery of proteins residing in the ER lumen prevented when ARF activation was inhibited. Thus, ARF appears to be important in regulating the second stage of the biphasic maturation process, which involves fusion of the LCV with ER membranes.
LIPID REMODELING ON THE
LEGIONELLA-CONTAINING VACUOLE
The study of how lipids regulate cellular events is burgeoning. Of particular interest are small lipids called phosphoinositides (PIs), which exist in several forms that are controlled both spatially and temporally throughout the cell. Subcellular compartments possess distinctive PI profiles that contribute to organelle identity, and dynamic changes are required during phagosome formation and maturation events (Yeung et al. 2006 ). Specifically, these lipids anchor proteins to membranes and thereby regulate signal transduction events, cytoskeleton architecture, membrane dynamics, and nuclear events within eukaryotic cells (Di Paolo & De Camilli 2006) . Because PIs are important cellular regulators and help define the identity of cellular compartments, it is not surprising that several intracellular pathogens have been reported to perturb host PI metabolism (Behnia & Munro 2005 , Weber et al. 2009a ). Understanding the PIs utilized by L. pneumophila will likely aid in understanding spatial and temporal regulation of effector localization throughout infection.
Alteration of the LCV lipid composition during infection is supported by a change in the thickness of the PM-derived vacuole to that consistent with an ER membrane, which occurs shortly after uptake (Tilney et al. 2001 ). Hilbi and colleagues (Weber et al. 2006 ) have made significant progress toward understanding the PIs resident on LCVs and the effector proteins that bind to these lipids in vitro. An antibody that recognizes phosphatidylinositol 4-phosphate (PI4P) provides a positive signal when added to vacuoles isolated from L. pneumophila-infected Dictyostelium or RAW 264.7 cells (Weber et al. 2006) . These isolated www.annualreviews.org • Intracellular Transport of Legionellavacuoles also bind to a PI4P-binding and pleckstrin homology (PH) domain-containing protein, GST-FAPP1. Taken together, these results suggest that PI4P is resident on LCVs. Several L. pneumophila effector proteins bind specifically to PI3P and PI4P immobilized on membranes (Brombacher et al. 2009 , Ragaz et al. 2008 , Weber et al. 2006 . The effectors LidA, SidC, and DrrA/SidM, which have been reported to bind PI4P in vitro, localize to the LCV during infection (Conover et al. 2003 , Luo & Isberg 2004 , Machner & Isberg 2006 , Murata et al. 2006 ). These LCV-localized effectors that bind PIs in vitro lack both transmembrane and recognized PI-binding domains (Lemmon 2008) . A key question for future studies is the role of PI4P in the localization of these effectors to the LCV.
The mechanisms by which PIs are regulated on the vacuole are also of great interest. Host enzymes that are capable of enriching levels of PI4P on the LCV have been investigated. These methods use the presence of the L. pneumophila effector SidC on the vacuole as an indirect marker of PI4P localization. First, siRNA knockdown of the host phosphatidylinositol 4-kinases (PI4Ks) PI4KIIIβ, PI4KIIIα, and PI4KIIα, which add a phosphate at position 4 of PI to yield PI4P, was examined (Brombacher et al. 2009 ). Knockdown of PI4KIIIβ resulted in a decreased association of SidC with the LCV. Whether this enzyme localizes to LCVs was not reported. Second, D. discoideum strains expressing endogenous or phosphatase-inactive variations of the host protein Dd5P4 or strains lacking Dd5P4 were examined for their influence on LCVs (Weber et al. 2009b ). Dd5P4 shares a high degree of similarity with human OCRL1 (Loovers et al. 2007) . Both proteins are phosphatases that dephosphorylate PI(4,5)P 2 , which is resident on the PM, to produce PI4P (Lowe 2005) . Both Dd5P4 and OCRL1 localize to more than 50% of the LCVs present at 60 min postinfection. In addition, LCVs formed in Dd5P4 hosts exhibited a decrease in the association of SidC. Perturbation of host PI dynamics using PI3K inhibitors or deletion of PI3K1/2 in D. discoideum also supports a role for PI4P on the LCV. These conditions increase cellular levels of PI4P and lead to an increase in the level of SidC on LCVs (Weber et al. 2006 
MODULATION OF HOST UBIQUITIN PATHWAYS BY L. PNEUMOPHILA
L. pneumophila likely co-opts several additional host pathways for its intracellular survival (Dorer et al. 2006 , Farbrother et al. 2006 , Shin et al. 2008 . A targeted RNA interference approach to knockdown expression of proteins involved in membrane trafficking in Drosophila SL2 cells yielded further insight into the pathways used by L. pneumophila to survive intracellularly (Dorer et al. 2006 ). This uncovered a role during L. pneumophila infection for host proteins that are usually involved in the unfolded protein response. Knockdown of components in this pathway, including Cdc48/p97, led to L. pneumophila intracellular growth defects. In the process known as ER-associated degradation (ERAD), Cdc48/p97 acts as a chaperone for unfolded proteins requiring removal from the ER. The final stages of ERAD require the addition of ubiquitin to unfolded proteins and their subsequent degradation by the proteasome. However, the unfolded protein response itself was not activated during L. pneumophila infection. Polyubiquitinated proteins were found to associate with LCV in a Dot/Icm-dependent process, and the addition of a proteasomal inhibitor, MG132, led to a reduction in intracellular L. pneumophila replication (Dorer et al. 2006) . These results suggested that Cdc48/p97, which localizes to vacuoles formed by wild-type L. pneumophila, might regulate the protein composition of the LCV by controlling protein turnover.
Spatial and temporal regulation of proteins on the surface of the LCV likely modulates progession of the LCV from a PM-derived vacuole to an ER-like compartment. The requirement for temporal remodeling of the vacuole is demonstrated by the association of the effector PieA, which requires the acquisition of another Dot/Icm-mediated protein determinant on the vacuole for its association (Ninio et al. 2009 ). Dot/Icm-effector proteins are likely regulated on several levels, including differential transcription during L. pneumophila infection (Bruggemann et al. 2006b , Gal-Mor et al. 2002 , Zusman et al. 2007 ) and their association with lipids and proteins within the host, but the removal of effectors from the vacuole after completion of their function is likely to be important for successful progression of infection as well. Consistent with this hypothesis, Dorer et al. (2006) demonstrated that Cdc48/p97 and ubiquitin modification play a role in the removal of effectors from the LCV.
Within host cells, the posttranslational modification of proteins with ubiquitin often targets them for proteasomal destruction, but it can also regulate their activity (Kerscher et al. 2006) . Ubiquitination of target proteins requires a three-enzyme complex composed of the activating enzyme E1, the conjugating enzyme E2, and the ubiquitin ligase E3 (Passmore & Barford 2004) . One particular family of ubiquitin ligases are multimeric complexes composed of a scaffold protein, Cullin1, and a substrate recognition dimer composed of Skp1 and an F-box domain-containing protein. The F-box family of proteins act as the substrate-recognition components in Skp1-Cul1-F-box protein (SCF) ubiquitin ligases (Cardozo & Pagano 2004) . Several Legionella effector proteins possess eukaryotic F-or U-box domains found in E3 ligases (Cazalet et al. 2004 , Chien et al. 2004 , de Felipe et al. 2005 , Kubori et al. 2008 . These effectors represent key candidates to specifically engage the ubiquitin modification system to regulate proteins on the LCV.
Although F-box domains are present in several L. pneumophila effectors, a strain lacking three of these proteins did not show a defect in ubiquitin accumulation at the LCV or any profound intracellular growth defect (Ivanov & Roy 2009 ). In other strains of L. pneumophila, however, the F-box domain of AnkB was found to be important for successful infection (Price et al. 2009 ). Mutations intended to disable the F-box in AnkB inhibited intracellular L. pneumophila replication and resulted in reduced acquisition of polyubiquitinated proteins on the LCV. Co-immunoprecipitation of AnkB and SKP1 has been taken to suggest that AnkB functionally mimics eukaryotic F-box proteins to exploit the host ubiquitination machinery (Lomma et al. 2010 , Price et al. 2009 ). Finding the targets of effector F-box-mediated ubiquitin modification is a key challenge for future studies.
The effector LubX/LegU2 possesses two Ubox domains normally associated with E3 ligases (Kubori et al. 2008) . LubX provides the clearest example of effector protein mimicry of host E3 ligases, as LubX has in vitro ubiquitin ligase activity. LubX has been shown to ubiquitinate the host cell cycle protein Clk1 (Kubori et al. 2008) . However, recent studies indicate that a L. pneumophila effector is likely to be the critical target for LubX-mediated degradation, as the removal of the effector protein SidH from the LCV has been reported to be mediated by LubX (H. Nagai, unpublished data; Llosa et al. 2009 ). Further research into the consequences of these events will likely uncover processes involved in supporting intracellular L. pneumophila growth.
AUTOPHAGY AND L. PNEUMOPHILA INTRACELLULAR REPLICATION
L. pneumophila has been proposed to manipulate the host process of autophagy (Dubuisson & , which involves encapsulation of cytoplasmic material by ER-like membranes that package contents into compartments termed autophagosomes for delivery to lysosomes. Autophagy has been suggested as a mechanism to control intracellular pathogens, but some pathogens have evolved mechanisms to avoid it (Huang & Brumell 2009 , Ogawa et al. 2005 . Initial studies based largely on morphological observations and inhibitors that affect autophagy suggested that it contributes to formation of the LCV (Swanson & Fernandez-Moreira 2002 , Swanson & Hammer 2000 , Swanson & Isberg 1995 . Recent work, however, points toward autophagy playing a role in controlling infection by L. pneumophila. Although the autophagic markers Atg7 and Atg8 were found to associate with LCVs, which suggests that autophagic components may be activated in response to wild-type L. pneumophila infections, this response was observed more frequently in nonpermissive C57BL/6 macrophages compared with permissive A/J macrophages (Amer & Swanson 2005) , which suggests that autophagy may be involved in restricting L. pneumophila replication. Consistent with this hypothesis, under autophagy-inducing conditions, knockdown of the autophagy-related Atg5 gene was found to enhance L. pneumophila replication (Matsuda et al. 2009 ). Furthermore, L. pneumophila was found to replicate slightly better in Dictyostelium strains lacking critical components of the macroautophagy pathway (Otto et al. 2004) . Future studies should provide interesting new insights into the relationship between autophagy and L. pneumophila as well as the role bacterial effector proteins may have in modulating the activity of host autophagy.
L. PNEUMOPHILA EGRESS FROM THE HOST CELL
After completion of intracellular replication, L. pneumophila must escape the host cell to initiate new rounds of infection. Several L. pneumophila release mechanisms have been described. For example, a cytolysin/egress pore has been suggested to play a role in host cell lysis (Molmeret & Abu Kwaik 2002) . Mutant L. pneumophila defective in egress has been found to have defects in a pore-forming activity that can cause red blood cell lysis; however, a specific L. pneumophila protein that possesses this biochemical activity and is required for egress has not been discovered (Alli et al. 2000 . L. pneumophila SNARE-like effectors LepA and LepB have been implicated in egress from protozoan hosts in an active nonlytic process ) that involves fusion of the intact LCV with the PM of the protozoan host. Because the effector LepB is a large protein that also has Rab1-GAP activity, this protein is likely to have multiple domains that function in different stages of the infection process (Ingmundson et al. 2007) . Temporal analysis of LepB association with the LCV indicates that LepB appears on the vacuole at 2 h postinfection and remains there until up to 13 h postinfection in murine macrophages (Ingmundson et al. 2007) . The mechanism by which LepA and LepB promote release of L. pneumophila from protozoan hosts remains unknown. In contrast, another report proposed that before release, L. pneumophila disrupts the phagosomal membrane to become cytosolic (Molmeret et al. 2004) , which suggests that multiple egress pathways are a possibility. It is quite likely that L. pneumophila uses different exit strategies in different hosts and under different conditions. Thus, egress strategies of L. pneumophila present an exciting area for future study.
DOT/ICM EFFECTOR REDUNDANCY
A question often asked is why individual effector mutants lack strong growth defects. Although there is no clear answer, it is logical to assume that functional redundancy among effector proteins is an important property that enables L. pneumophila to evolve and enhances the efficiency with which it can infect a diverse community of protozoan and possibly mammalian host cells. A perturbation that affects the function of a single effector may have little consequence if another protein, be it another bacterial effector or a host factor, has an activity that can mediate a similar outcome. SidC and its paralog SdcA provide one example of effectors reported to show functional redundancy (Ragaz et al. 2008 ). Supplying either sidC or sdcA on a plasmid was able to complement defects in the maturation of vacuoles formed by L. pneumophila sidC-sdcA mutants. Whether these redundant proteins share similar activities and target the same host protein or whether they share similar activities but target independent host pathways that mediate similar processes remains to be tested. Also, some effectors may play a role only in a specific eukaryotic host cell. A role for cell type specificity of effectors is supported by the differing phenotypes of several effector mutants, including SdjA (Liu & Luo 2007) and SdhA (Laguna et al. 2006) , in various hosts. Combinatorial mutants, which lack effectors known to function in defined steps required for LCV formation, will further aid our understanding of the role of functional redundancy in vacuole formation.
CONCLUSIONS
L. pneumophila clearly has evolved the ability to direct and coordinate its intracellular survival strategy. Whereas the general pathways involved in LCV formation are relatively well defined, much remains unknown regarding the effectors involved, their modes of action, and their regulation inside host cells. One lesson we can learn from the characterized effectors is that many possess enzymatic functions or act on proteins that are regulators of host processes. Characterizing the cellular functions of the many L. pneumophila effectors will continue to be a major focus of future research. Investigation of how L. pneumophila effectors interfere with host pathways should continue to uncover central mechanisms involved in the creation and maintenance of a replicationpermissive compartment. Although the process of ER-derived vesicle acquisition and fusion with the LCV is becoming increasingly well defined, less is known about the subsequent fusion with ER membranes. Through studying how L. pneumophila eukaryotic-protein mimics function, we anticipate that we will also uncover new mechanisms for regulating eukaryotic pathways.
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